Rationale: Bilateral lung transplantation is widely used to treat chronic obstructive pulmonary disease (COPD) and interstitial lung disease (ILD), on the basis of an expectation of improved survival after transplantation. Yet, waiting list mortality is higher while awaiting bilateral transplantation. The net effect of procedure preference on overall survival is unknown.
Lung transplantation is a potentially lifesaving treatment option for adults with advanced lung diseases, such as interstitial lung disease (ILD), cystic fibrosis (CF), and chronic obstructive pulmonary disease (COPD). Yet, the scarcity of donor lungs limits the number of people who can undergo lung transplantation. In 2016, there were only 2,327 lung transplant procedures performed in the United States, despite more than 100,000 adults living with ILD (1), 30,000 with CF (2) , and millions with COPD (3) . Although efforts to increase donor availability have been successful (4) (5) (6) (7) (8) (9) (10) , the waiting list mortality rate in the United States increased from 11.1 to 15.1 deaths per 100 wait-list years between 2005 and 2015 (11) . Strategies that further increase donor lung supply could substantially improve access to lung transplantation.
Approximately 75% of lung transplant surgeries in the United States are bilateral procedures using two lungs from the same donor (11) . Some patients must undergo bilateral transplantation to remove diffuse bronchopulmonary infection (as in CF) or to treat pulmonary arterial hypertension. However, for patients with COPD or ILD-accounting for 83% of lung transplant procedures performed in the United States in 2016 (11)-both single (unilateral) and bilateral transplantation are options. In 2016, 69% of patients with COPD and 63% of patients with ILD undergoing transplantation received two lungs (11) . Although listing preference may be influenced by many factors, the decision to perform bilateral or single lung transplantation is ultimately made by transplant center personnel, who base their decisions on anecdotal experience and studies that have inconsistently identified post-transplant survival benefits for bilateral transplantation (12) (13) (14) (15) (16) . Wider use of single lung transplantation, however, could increase transplantation rates by transplanting two recipients with lungs from a single donor. A simulation study found that a universal single lung transplant policy for candidates with COPD would result in 4.2% fewer waiting list deaths among all waiting list candidates (17) .
To date, few studies have examined "intention-to-treat" outcomes in lung transplantation (i.e., the inclusion of survival time and events that occur both before and after transplantation) (18) . Because intention-to-treat outcome measures capture the entirety of the patient experience after placement on the waiting list, examination of these outcomes can capture unique center performance metrics (18) and may yield important clinical insights above and beyond those provided by studies restricted to either pre-or posttransplant outcomes. We used nationwide U.S. transplant registry data to test the hypothesis that an unrestricted listing preference (listing for any combination of bilateral and single lung transplantation) would be associated with improved outcomes, defined using a composite intention-to-treat outcome (including events before and after transplantation) compared with those listed using a restricted or bilateral only preference.
Methods Study Design, Participants, and Data Sources
We performed a retrospective cohort study of adults with COPD or ILD aged 18 years or older placed on the waiting list for lung transplantation in the United States between May 4, 2005 and December 31, 2014 using data provided by the Organ Procurement and Transplantation Network with follow-up through September 9, 2016. We excluded those listed for right single lung transplant only or left single lung transplant only, those missing pulmonary artery pressure or body mass index (BMI), those listed with a lung allocation score (LAS) of zero, those listed for multiorgan transplantation or retransplantation, those listed at multiple centers, or those who underwent living donor transplantation (Figure 1 ). For each participant, only the first instance of placement on the waiting list was included. All data were obtained from Organ Procurement and Transplantation Network, including demographic, clinical, and outcome data. The study was approved by the Columbia University Medical Center Institutional Review Board, with a waiver of informed consent.
Measurements
The primary exposure was the transplant center's requested "lung preference" for each candidate at the time of placement on the waiting list. Transplant centers request one or more donor lung preference for each candidate, determining which donor lungs are ultimately offered to the candidate. In some cases, centers opt for a preference for bilateral lung offers only. For the purposes of this analysis, we refer to this as a "restricted" preference. Centers can also select a preference for (i.e., a willingness to consider) either a right or a left single lung offer. In practice, this means there are six additional possible preferences (excluding lobar and combined heart-lung transplantation): 1) single left lung only, 2) single right lung only, 3) single left or right lung only, 4) bilateral or single left lung only, 5) bilateral or single right lung only, and 6) bilateral or either single lung. If a donor has only one suitable lung for transplantation (e.g., contralateral pneumonia or trauma), this lung would not be offered to candidates with a restricted preference but could be offered to those with a less-restrictive preference. We excluded those listed for single left lung only or single right lung only and combined the remaining four categories (any combination of bilateral and single lung transplantation) into an "unrestricted" preference category.
The composite intention-to-treat primary outcome was the number of days from placement on the waiting list until death (before or after transplantation), removal from the waiting list for clinical deterioration, or retransplantation. We right-censored survival time for those still alive on the last day of follow-up. Secondary outcomes included time to transplantation, time to death on the waiting list or removal from the waiting list, and 1-year and 5-year graft failure.
Analysis Approach
To examine associations between lung preference and the composite primary intention-to-treat outcome, we constructed mixed-effects stratified Cox regression models separately for those with COPD and ILD, with transplant center as a random effect. Because there is substantial variation in waiting list time, the expected increase in mortality that occurs in the early posttransplant period will occur at different follow-up times for each individual, easily leading to violation of the proportional hazards assumption. To avoid this, we used a stratified Cox model allowing us to include both pre-and post-transplant survival in the same model (see Figure E1 in the online supplement) (19) . One stratum included ORIGINAL RESEARCH survival time on the waiting list. The other stratum included survival time after transplantation. Subjects who received a transplant were included in both strata; subjects who did not undergo transplantation were only included in the waiting list stratum. During the analysis stage of the study, we noted that waiting list survival curves for restricted and unrestricted strategies intersected at 1,000 days for COPD and 1,850 days for ILD, violating the proportional hazards assumption only within the waiting list time stratum. This violation was addressed by including an interaction term between preference and time in sensitivity analyses. Only 4% of study participants had waiting times beyond these time points. There was no violation of the proportional hazards assumption in the post-transplant survival stratum.
We included variables for age, sex, race, BMI, height, ABO blood group, and LAS at listing in our multivariable models, because these variables defined a minimal set that closed back-door paths using a directed acyclic graph ( Figure E2 ). The LAS is a priority score used for lung allocation, with higher numbers indicating greater disease severity and higher priority for transplantation. In secondary analyses, we included LAS, pulmonary artery pressure, mechanical support (mechanical ventilation or extracorporeal support), and BMI as timevarying covariates to adjust for these variables at both listing and transplantation. We also tested for effect modification by age, LAS, pulmonary hypertension, and use of Figure 1 . Study flow. Type of transplant performed is missing on eight subjects with chronic obstructive pulmonary disease (COPD) (four restricted, four unrestricted) and five subjects with interstitial lung disease (ILD) (one restricted, four unrestricted). LAS = lung allocation score.
ORIGINAL RESEARCH mechanical support. Effect estimates come from fully adjusted models that included the interaction term. We plotted Kaplan-Meier survival estimates without statistical hypothesis testing. To estimate the strength of an unmeasured (negative) confounder needed to suppress an association between lung preference and the primary outcome, we performed quantitative assessments of bias by calculating "non-null E-values" (20) . E-values range from 1 to infinity, with larger values indicating that an unmeasured confounder would need to have stronger associations with both the exposure and outcome in fully adjusted models to alter the effect estimate. We chose to calculate non-null E-values for a hazard ratio (HR) of 1.5, the magnitude of benefit of bilateral transplantation in a previous study (14) .
To examine associations between lung preference and secondary waiting list outcomes, we constructed Fine and Gray multivariable-adjusted competing risk models for the subdistributions of the competing risks of death/ delisting for clinical deterioration and transplantation (21) . We compared crude cumulative incidence curves using Gray's test (21) .
To examine associations between lung preference and the secondary outcomes of 1-and 5-year graft failure after transplantation, we constructed mixedeffects Cox regression models with center as a random effect. These models included adjustment for recipient factors at transplantation (age, sex, race, BMI, height, ABO blood group, mechanical support, LAS, and mean pulmonary artery pressure) and donor factors (age, sex, BMI, height, alcohol use, smoking, pulmonary infection, diabetes, arterial oxygen partial pressure, and cause of death). The most recent mean pulmonary artery pressure was used if none was recorded at transplantation (n = 228). We used multiple imputation with chained equations in 10 datasets using the "mi" command in STATA for missing covariate data.
All statistical hypothesis tests were twotailed, with a significance level of 0.05. Analyses were performed in STATA/IC version 14.2 (StataCorp, LP) and R version 3.3.1 (R Foundation for Statistical Computing) using the CMPRSK (22) , SURVMINER (23) , SURVIVAL (24) , EValue (25) , and COXME (26) packages.
Results

Study Participants
There were 12,155 candidates placed on the lung transplant waitlist during the study period who met our inclusion criteria (Figure 1 ). The median age was 59 years, 43% were women, and 62% had ILD. The median LAS at listing was 36.7. A total of 49% were listed with an unrestricted preference (44% of those with COPD and 52% of those with ILD). Temporal trends in the relative distribution of listing preferences were generally stable between 2005 and 2014 ( Figure E3 ). A total of 78% underwent transplantation during the study period, with bilateral transplantation more commonly performed among those with a restricted preference (Table E1, Figure 1 ).
Those listed with an unrestricted preference tended to be older, more frequently white and less likely to have severe pulmonary hypertension ( Table 1) . The median LAS and use of mechanical support at listing were similar between restricted and unrestricted preferences. We did not observe a relationship between center volume and the proportion of waiting list candidates listed with a restricted preference ( Figure E4 ).
Among the 9,424 who underwent transplantation, those listed with an unrestricted preference tended to be older, with lower LAS scores, and tended to have lower pulmonary artery pressure (Table E1) . Donor lung quality was similar between groups (Table E1) .
Composite Intention-to-Treat Outcome in COPD Among those with COPD, 958 (47%) of those listed with an unrestricted preference, and 1,106 (42%) of those listed with a restricted preference met the primary intention-to-treat outcome during 9,572 and 7,816 person-years of follow-up, respectively. Among those with an unrestricted preference, 179 (9%) died on the waiting list, 733 (45%) died after transplantation, and 46 (2%) underwent retransplantation. Among those with a restricted preference, 321 (12%) died on the waiting list, 757 (38%) died after transplant, and 28 (1%) underwent retransplantation.
In an unadjusted mixed-effects stratified Cox model, an unrestricted preference was associated with a 6% reduction in the rate of the composite primary intention-to-treat outcome (HR, 0.94; 95% confidence interval [CI], 0.86-1.03; P = 0.17; Table 2, Figure 2A) . In a fully adjusted model, an unrestricted preference was associated with a 3% reduction in the rate of the primary outcome (adjusted HR [aHR], 0.97; 95% CI, 0.89-1.07; P = 0.60; Table 2 ). After inclusion of time-varying values for LAS, mean pulmonary artery pressure, mechanical support, and BMI, an unrestricted preference was associated with a 5% decreased rate of the primary outcome (aHR, 0.95; 95% CI, 0.86-1.05; P = 0.29; Table E2 ). Results were similar for those listed less than 1,000 days (n = 4,708; aHR, 1.06; 95% CI, 0.97-1.16; P = 0.21; Table E3 ). Among those listed for longer than 1,000 days, an unrestricted preference was associated with an increased rate of the primary outcome (n = 461; aHR, 1.75; 95% CI, 1.07-2.85).
Stratified analyses are shown in Figures 3 and E5 and Table E4 . There was no strong evidence of effect modification by age, LAS, mechanical support, or pulmonary hypertension (P for interaction > 0.20). However, an unrestricted preference was associated with a 9% reduction in the rate of the primary intention-to-treat outcome among those younger than 65 years old (aHR, 0.91; 95% CI, 0.82-1.01; P = 0.09) and among those without pulmonary hypertension (aHR, 0.91; 95% CI, 0.80-1.05; P = 0.21) in adjusted models. Sample sizes were small (,100) among those receiving mechanical support and those with LAS scores greater than 45. We did not observe meaningful associations between an unrestricted preference and the primary outcome within any subgroup (Figures 3 and E5 ; Table E4 ).
Composite Intention-to-Treat Outcome in ILD Among those with ILD, 1,995 (51%) with an unrestricted preference and 1,862 (52%) with a restricted preference met the primary intention-to-treat outcome during 11,405 and 10,363 person-years of follow-up, respectively. Among those with an unrestricted preference, 591 (15%) died on the waiting list, 1,295 (41%) died after transplantation, and 109 (3%) underwent retransplantation. Among those with a ORIGINAL RESEARCH restricted preference, 728 (20%) died on the waiting list, 1,065 (40%) died after transplantation, and 69 (3%) underwent retransplantation.
In an unadjusted mixed-effects stratified Cox model, we did not detect a meaningful association between an unrestricted preference and the primary intention-to-treat outcome (HR 1.01; 95% CI, 0.94-1.07; P = 0.87; Table 2 , Figure 2B ). Findings were similar in a fully adjusted model (aHR, 1.01; 95% CI,0.94-1.08; P = 0.77; Table 2 ). Inclusion of time-varying covariates for LAS, mean pulmonary artery pressure, mechanical support, and BMI produced similar results (aHR, 1.01; 95% CI, 0.94-1.09; P = 0.77; Table E2 ). Findings were similar among those listed less than 1,850 days (n = 7,432; aHR, 1.03; 95% CI, 0.96-1.11; Table E3 ). Among those listed more than 1,850 days, there was a lower rate of the primary outcome for those listed with an unrestricted preference with a wide CI that included the null value (n = 45; aHR, 0.53; 95% CI, 0.15-1.90).
Stratified analyses are shown in Figures 3, 4 , and S6 and Table E4 . In fully adjusted models, we found no significant interactions between lung preference and use of mechanical support, LAS, or pulmonary hypertension (P for interaction > 0.20). Although there was modest statistical evidence of effect modification by age (P for interaction = 0.10), effect estimates were similar across strata ( Figure 3 , Table E4 ). Among those with severe pulmonary hypertension, an unrestricted preference was associated with a 17% increased rate of the primary outcome (HR, 1.17; 95% CI, 0.99-1.39; P = 0.07; Figure 3 , Table E4 ).
Quantitative Assessment of Bias
The non-null E-values required to move the HRs in the primary analyses to 1.5 were 2.1 for COPD and 2.0 for ILD. As a comparison, among those with ILD, severe pulmonary hypertension was associated with a 1.8-fold increased likelihood of being listed with a restricted preference (Table E5 ). Other indications were less strongly associated (Table E5 ).
Secondary Outcomes: Waiting List Mortality and Transplantation Rate
An unrestricted preference was consistently associated with lower rates of death or removal from the list for clinical deterioration while on the waiting list and 356 (14) 159 (8) ORIGINAL RESEARCH with higher rates of transplantation (Tables  2, E6 , and E7, Figure S7 ).
Secondary Outcome: Graft Failure
There were no meaningful associations between lung preference and 1-year graft failure after transplantation among those with either COPD or ILD (Table 2, Figure  E7 ). Among those with COPD, an unrestricted preference was associated with a 10% higher rate of graft failure at 5 years (aHR, 1.10; 95% CI, 0.98-1.24; P = 0.11).
There was no significant association between lung preference and 5-year graft failure in ILD (Table 2, Figure E8 ). Among those who underwent transplantation, there was no meaningful association between single lung transplantation and graft failure at 1 year for COPD (aHR, 0.99; 95% CI, 0.79-1.25; P = 0.96) or ILD (aHR, 1.01; 95% CI, 0.87-1.18; P = 0.86). However, single lung transplantation was associated with increased rates of graft failure at 5 years for both COPD (aHR, 1.19; 95% CI, 1.09-1.42; P = 0.001) and ILD (aHR, 1.15; 95% CI, 1.04-1.27; P = 0.008; Table E8 ).
Discussion
We were unable to detect meaningful associations between procedural listing preference and intention-to-treat survival outcomes after placement on the lung transplant waiting list in a contemporary cohort of U.S. adults with COPD or ILD. Those listed for bilateral lung transplantation only had similar overall outcomes compared with those listed for a less-restrictive combination of bilateral and single lung transplantation. With the possible exception of patients with ILD with severe pulmonary hypertension, this observation held true even among the most severely ill patients, including those with a high LAS and those using mechanical support as a bridge to transplantation. Consistent with prior work, a less restrictive preference was associated with a lower waiting list mortality rate and a higher transplantation rate in ILD (27, 28) . This study extends those findings to COPD (27, 29, 30) . In short, we failed to find any substantial benefit to restricting patients with COPD or ILD to a bilateral transplant procedure.
Our findings have important implications for clinical care and health policy. More than two-thirds of patients with ILD and COPD undergoing lung Definition of abbreviation: CI = confidence interval. Hazard ratios for secondary outcomes (death/delisting and transplantation) represent subdistribution hazard ratios from competing risks regression models. *Expressed as rate per 100 person-years. † Adjusted for lung allocation score at listing, ABO blood group, height, age, sex, race, body mass index at listing, with listing center as a random effect. ‡ Death or delisting for clinical deterioration.
x Adjusted for lung allocation score at listing, ABO blood group, height, age, sex, race, body mass index at listing, and listing center. jj Adjusted for recipient characteristics at time of transplantation (lung allocation score, ABO blood group, height, age, sex, race, body mass index) and donor characteristics (age, body mass index, sex, height, alcohol use, history of cigarette use, pulmonary infection, diabetes, arterial oxygen pressure on 100% fraction of inspired oxygen), with listing center as a random effect. ORIGINAL RESEARCH improve one's quality of life, it may have been appropriate to place greater value on post-transplant survival time, which would have tended to favor an unrestricted listing preference, because this strategy increases transplantation rates and decreases waiting list mortality rates. In light of this, and because transplantation is intended to both prevent waiting list mortality and prolong overall survival, we assert that our approach is both appropriate and conservative. We performed an observational study of treatment effect. Such studies are particularly prone to confounding by indication for treatment (32) , and, therefore our findings should be interpreted with care. There is a paucity of data describing the specific patient characteristics that lead clinicians to list patients for bilateral transplantation. Although our data suggest that bilateral lung transplantation is the preferred procedure for patients who are younger and sicker, the influence of these (and other) factors is likely to vary by center. Because greater disease severity leads to worse outcomes both before and after lung transplantation, unmeasured clinical indications for a restricted preference could have suppressed a true effect, thereby biasing toward the (largely) null effect estimates that we detected. Although our findings may be "suppressed" by indication, we adjusted for usual indications for a restricted preference, and our quantitative assessment of bias suggests that only a strong unmeasured suppressor would mask a true beneficial effect. An E-value of 2 indicates that there must be a substantially strong unmeasured factor that leads to at least a twofold increased likelihood of being listed with a restricted preference while at the same time reducing the risk of death by at least 50%. The nature of this unmeasured suppressor-if it exists-is unclear. And, even if a restricted preference were to result in somewhat better outcomes, an unrestricted listing strategy could increase the number of transplants performed, thereby saving more lives. In addition, data on additional indications for bilateral lung transplantation, such as chronic lung infection, anatomic abnormalities, pleural disease, diaphragm dysfunction, pulmonary nodules, and prior chest surgery, were not available to us. Clinicians should continue to incorporate judgement, experience, and patient-specific characteristics into their clinical decision making. Other limitations include the mismeasurement of transplant registry variables and low power in some stratified analyses.
In summary, our findings suggest equipoise between restricted and unrestricted lung transplant listing preferences for patients with COPD or ILD. Increased use of unrestricted preferences could increase transplantation rates without having a major impact on overall survival. Federal entities should consider incorporating waiting list outcomes in their assessment of transplant center performance, and clinicians should consider waiting list outcomes when choosing a listing preference for their patients, because doing so maximizes both individual and societal good. n Author disclosures are available with the text of this article at www.atsjournals.org. ORIGINAL RESEARCH
